Improved understanding of citrus water use and soil moisture distribution in Huanglongbing (HLB) (Candidatus Liberibacter asiaticus) affected groves is critical for devising appropriate recommendations for optimizing water use and sustaining citrus yields. Thus, a study was conducted to investigate soil moisture movement and water use patterns in central, south-central and southwest Florida. Treatments included: 1) daily irrigation (Daily), 2) University of Florida Institute of Food and Agricultural Sciences recommended scheduling characterized by irrigating every two days to replace water used by crop evapotranspiration (IFAS), and 3) irrigation scheduled half the number of days between irrigation recommended by IFAS and Daily (Intermediate). The total irrigation was designed to meet estimated crop water use (ET c ) for mature citrus equaling 1127 mm, 1138 mm, and 1211 mm, and 1211 mm per year at Avon Park, Arcadia and Ave Maria, respectively. Field capacities (FC) and available water capacity (AWC) varied between 0.062 cm 3 cm −3 to 0.11 cm 3 cm −3
Introduction
Citrus greening (HLB) is the major disease affecting citrus production in Florida and has eliminated > 30% trees and reduced yields in citrus groves in the state (Gottwald et al., 2007; Irey et al., 2006 Irey et al., , 2008 Manjunath et al., 2008; USDA, 2016) . The problem is exacerbated by the fact that HLB-affected trees show excessive fruit drop, resulting in fruit losses estimated to be around $150 million annually (Gottwald et al., 2007; Albrigo and Syvertsen, 2015) . The fruit is not suitable for the fresh market or juice processing due to significant increase in acidity and bitter taste resulting in economic losses (Bassanezi et al., 2009; Dagulo et al., 2010) . In addition, HLB-infected trees exhibit decreased root length density that potentially limits water and nutrient accumulation (Graham et al., 2013; Kadyampakeni, 2012; Kadyampakeni et al., 2014a,b) . Improved water management could increase water and nutrient use efficiency and tree production in HLB affected groves. Currently, there is no information on the water use of mature trees affected by HLB. More importantly, investigating the response of HLB affected trees to varied irrigation schedules would improve our understanding about the disease dynamics with regard to plant-soil-water-relationships and help commercial citrus growers manage water more efficiently. Information generated from such field studies is critical for developing appropriate guidelines for growers to maintain orange tree yields to optimum production levels while conserving water resources. The objectives of the study were to 1) determine water retention characteristics and irrigation set points for the soils at the three sites, 2) determine soil moisture distribution patterns in the citrus irrigated zones, and 3) compare water use of mature citrus using three different irrigation schedules but similar irrigation rates.
Materials and methods

Site description
The experiments were conducted at Ave Maria (lat. 26°16′N, long. 81°25′W) in the southwest Florida flatwoods (Collier county), Arcadia (lat. 27°13′N, long. 81°39′W) in the south-central flatwoods (Desoto County), and Avon Park (lat. 27°36′N, long. 81°31′W) in the central ridge (Highlands county). The soils at Ave Maria are classified as Immokalee fine sand (sandy, siliceous, hyperthermic Arenic Haplaquods) (USDA, 1998a) . The soil at Arcadia is classified as a Smyrna fine sand (sandy, siliceous, hyperthermic Aeric Haplaquods) (USDA, 1998b) while the soil classification at Avon Park is Astatula sand (hyperthermic, uncoated Typic Quartzipsamments) (USDA, 1998c).
Experimental design
The experiment was arranged in a randomized complete block design with 4 replications for sap flow measurements. The irrigation scheduling treatments for conventional irrigation were as follows: 1) daily irrigation (Daily), 2) University of Florida Institute of Food and Agricultural Sciences recommended scheduling characterized by irrigating every two days to replace water used by crop evapotranspiration (IFAS), and 3) irrigation scheduled half the number of days between irrigation recommended by IFAS and Daily (Intermediate). The total irrigation was designed to meet estimated crop water use (ET c ) for mature citrus equaling 1127 mm per year in Avon Park (Florida Automated Weather Network average from 1 January 2004 to 31 December 2013 at Sebring, FL, 16 km from the study site), 1138 mm per year in Arcadia (Florida Automated Weather Network average from 1 January 2006 to 31 December 2012, at Arcadia, 3 km from the study site) and 1211 mm per year at Ave Maria (Florida Automated Weather Network average from 1 January 2002 to 31 December 2012, at Immokalee, 9 km from the study site). Similar amounts of citrus water use were reported earlier (Morgan et al., 2006; Jia et al., 2007; Romero et al., 2009) . The trees at all sites were spaced at 4.6 m x 7.6 m. 
Soil moisture determination
The soil properties that determine the behavior of soil water flow systems are the hydraulic conductivity and water retention characteristics. The relation between soil water content and the soil water suction is a fundamental part of the characterization of the hydraulic properties of soil (Klute, 1986) . The conductivity of a soil depends on pore geometry and the properties of the fluid flowing through or retained in the pores. Viscosity and density are the two properties that directly affect hydraulic conductivity while soil porosity and water retention function are determined by soil texture and structure (Klute and Dirksen, 1986) . Soil water sensors were used to measure volumetric soil moisture content at the three sites (EC-5 and 10-HS, Decagon Devices, Pullman, WA). Soil moisture was measured hourly at 15-and 30-cm depths using the EC-5 soil moisture sensor and the HS10 sensor at 45-cm depth. Each block contained one data logger for recording soil moisture content. Unsaturated water flux (q, cm h −1 ) was estimated using Darcy's law:
where K is the unsaturated hydraulic conductivity (cm h
), θ is soil volumetric water content (cm 3 cm −3
), and ∇H is the total hydraulic head gradient (cm), which was calculated by dividing the difference in the total potential (cm; sum of matric and gravitational potentials) between one sampling depth layer and another (e.g., the top and middle layers) by the thickness of the two layers (cm). The matric potential was calculated from the moisture release curve developed for the three soils. The driving force was expressed as the negative gradient of the hydraulic head composed of the gravitational head, z, and the pressure head, h, mathematically given as:
Mualem (1986) also explained that there are some independent variables of interest that describe soil water retention characteristics such as the degree of saturation (S), effective water content (θ e ), effective saturation could also be used to describe water retention characteristics.
The amount of water retained in the soil at any given moment is dependent upon factors such as the type of plant cover, plant density, stage of plant growth, rooting depth, evaporation and transpiration rates, amount of water infiltrated, rate of wetting, nature of horizonation and the length of time since the last irrigation or rainfall event (Cassel and Nielsen, 1986) . Amount of water available for plant use is determined through estimation of available water capacity, field capacity and permanent wilting point. The traditional field capacity for well-drained sandy soil under laboratory conditions is estimated at 10 kPa of soil water tension for a sandy soil and 33 kPa for medium or fine-textured soil (Obreza et al., 1997) .
The other retention parameters, including hydraulic conductivity, were conceptualized by van Genuchten (1980) as follows:
S e e m m 1/2 1/ 2 (3) ), θ e (0 < θ e < 1) is the effective saturation, θ s and θ r are saturated and residual water contents (cm 3 cm −3
), respectively, h is the pressure head (cm), α is related to the inverse of the air-entry pressure (cm
) and n is a measure of the pore-size distribution. Pressures applied to undisturbed soil cores ranged from 0 to 100 kPa.
Measurement of sapflow
Sap flow sensors (Dynamax Inc., Houston, TX, USA) were installed on four branches on each tree per irrigation schedule (each branch serving as a replicate). Measurements of branch diameters were taken prior to installation of the sensors. The sap flow sensors were connected to a data logger (CR 1000, Campbell Scientific Inc., Logan, UT, USA) to record data every hour. Flow data obtained from the data logger were then converted to water flow per unit leaf area (g cm
) in Summer 2013, Fall 2013 and Spring 2014. The sap flow measurements were done for 5-14 days. Stem and leaf areas are presented in Table 1 below.
Stem water potential measurement
Stem water potential was measured using 4 leaves per tree. Leaves were wrapped in plastic and aluminum foil the day prior to data collection to allow the water potential of the leaves to equilibrate with the water potential of the stem. Wrapped leaves were cut at the petiole with a razor blade and stem water potential was measured using a pressure chamber (Model 1000, PMS Instrument Co., Corvallis, OR) that was pressurized at 1 MPa/30 s using compressed nitrogen.
Visual survey analysis and polymerase chain reaction assays
Trees were visually evaluated for any visual HLB symptoms. Trees that were asymptomatic for HLB were identified and used for the study. Thereafter, real-time polymerase chain reaction (PCR) assay to determine C. Liberibacter asiaticus infection was used on the selected trees every six months.
Statistical analysis
The data were analyzed using GLM Mixed Model Type III procedures using SAS (version 9.3 for Windows; SAS Institute, Cary, NC) when assumptions for analysis of variance were satisfied. Differences in D.M. Kadyampakeni, K.T. Morgan Scientia Horticulturae 224 (2017) 272-279 sap flow and stem water potential between irrigation schedules, sites and interactions between sites were established.
Results
Soil moisture retention characteristics and distribution pattern by depth, irrigation schedule and site
Average soil physical properties ( , with AWC estimated to be 86% to 91% of FC. Irrigation set points for irrigation scheduling were estimated using methods described by Obreza et al. (1997) (Alva and Syvertsen, 1991; Zang et al., 1996; Alva et al., 1999; Kadyampakeni et al., 2014b) .
Sap flow and stem water potential between irrigation schedules and sites
Daily values of sap flow were done by summing the hourly values, as recommended by Cohen (1991) , and truncating values collected from 000 h to 500 h since the accuracy of dynagage technique is limited at very low sap flow values. Sap flows measured using the dynagage heat pulse method are directly correlated with water use, and thus give first approximation of water use in irrigated plants. Daily irrigation schedule showed higher water use at the Ave Maria in Summer 2013 and Avon Park in Summer 2013 and Fall 2013 (Fig. 4) . Intermediate was greater than IFAS and Daily at Arcadia in Summer 2013 (Fig. 4) . No differences in daily water use were observed in Fall 2013 at Arcadia and Avon Park, and in Spring 2014 at all 3 sites though Daily irrigation consistently showed greater sap flow at both Ave Maria and Avon Park than IFAS and Intermediate irrigation schedules (P < 0.001) (Fig. 4) . (Table 3) . Quadratic model described hourly sapflow better for tree branch for mature > 10-year-old trees compared to the cubic model for young < 6-year-old trees reported by Kadyampakeni et al. (2014c) for whole trees. Stem water potential was greater for Daily than Intermediate but similar to IFAS (P < 0.05) at Arcadia (ranging between 0.3 and 0.5 MPa) and Avon Park (varying between 0.5 and 0.8 MPa) suggesting that Daily irrigation schedule resulted higher water use than Intermediate (Fig. 6) . At Ave Maria, the trend was surprisingly different (P < 0.01), ranging from 0.4 to 0.9 MPa, following the order:
Daily > Intermediate > IFAS. We found significant interaction (P < 0.0001) between site and irrigation schedule possibly due to differences in soil characteristics. The soil at Avon Park are well drained Entisols while the soils at Arcadia and Ave Maria are poorly drained Spodosols and this might have impacted water use. The PCR assays showed that the Intermediate irrigation block at Ave Maria, and Daily and Intermediate irrigation blocks at Arcadia were HLB positive. All the trees at Avon Park were asymptomatic and HLB negative during the period of the study.
Discussion
Soil moisture distribution patterns
We consistently observed cycling trends in increments of soil moisture following irrigation events at the three sites which is typical for irrigated soils using controllers and microsprinkler irrigation systems (Morgan et al., 2006; Fares and Alva, 2000) . Fares and Alva (2000) , using a different type of capacitance probe on a Candler fine sand, also found that soil water content in the root zone exceeded the full point during periods of irrigation and/or rainfall, and it drained rapidly within 24-48 h after the end of such events. At all the three sites, moisture contents in the 30-45 cm soil depth largely exceeded 33%ASWD and FC but remained below saturation. According to Alva et al. (1999) , water fluxes tend to be greater at depths where root distribution or density are minimal. Also, the sand soil characteristic with > 95% sand content in Florida explains while water fluxes might be greater due to downward drainage of irrigation or rainwater once the hydraulic gradient is sufficient to trigger water movement. Assessment of the three irrigation schedules suggests that soil moisture might be optimized with any of the three systems because all the soils responded with elevated levels of soil moisture immediately following irrigation applications, and receded as a result of root uptake and drainage. Runoff losses were considered negligible since most of the soils are well drained in the top 60 cm and would not lose excess water to surface runoff. Of the three depths, 15-30 cm soil depth tended to show the least soil moisture contents at all sites compared with either 0-15-or 30-45-cm soil depths largely due to the typically higher sand content associated with the E-horizon of Spodosols or Entisols, and negligibly low organic matter and/or clay contents compared with the other two depths (Obreza and Collins, 2008) . Good irrigation management of the sandy soils, thus, contributes to good stewardship of water and nutrient resources (Parsons and Boman, 2006) by substantially reducing leaching and evaporation losses of water.
Sapflow and stem water potential dynamics
Though no correlation was found between hourly sap flow measurements and soil moisture content, sap flow trends monitored hourly showed that frequent irrigation events placed between 900 h and 1800 h should result in increased water uptake with minimal drainage losses. Comparison of the 3 irrigation schedules showed that Daily irrigation schedule, would likely result in improved water use for both HLB positive and HLB asymptomatic trees. The 1-day and/or 1.5-day break in irrigation schedule for the IFAS and Intermediate irrigation schedule showed that trees might have intermittent occasions of water stress. On average, greater stem water potential was noted at Avon Park, followed by Ave Maria, and then Arcadia, suggesting the importance of good and frequent irrigation management particularly on the extremely well drained Candler fine sand. Except for Ave Maria, where stem water potential was greater for Daily (which was somewhat surprising), than Intermediate > IFAS, the other two sites consistently showed stem water potential of the expected order Intermediate ≈ IFAS > Daily, since Daily irrigation maintained soil moisture at levels close to FC most of the day. Based on the observations on the two sites of Arcadia and Avon Park, Daily irrigation would D.M. Kadyampakeni, K.T. Morgan Scientia Horticulturae 224 (2017) 272-279 reduce water stress in the HLB affected trees and would be appropriate to implement on Florida's sandy soils without affecting tree productivity assuming a good nutrition program, pest and disease management strategy.
Conclusions
Field capacities (FC) and available water capacity (AWC) varied between 0.062 cm 3 cm −3 to 0.11 cm 3 cm −3
, with AWC estimated to be 86% to 91% of FC. Irrigation set points for irrigation scheduling were Daily > IFAS > Intermediate. On average, greater stem water potential was noted at Avon Park, followed by Ave Maria, and then Arcadia, suggesting the importance of good and frequent irrigation management particularly on the extremely well drained sandy soils of Florida. The results showed that Daily irrigation would reduce water stress in the HLB affected trees and would be appropriate to implement on Florida's sandy soils without affecting tree productivity assuming a good nutrition program, pest and disease management strategy. These findings should improve our understanding in estimating irrigation water demand and development of a sustainable irrigation management strategy to sustain citrus productivity of HLB affected trees in Florida and other citrus producing regions. Further investigation into the performance of citrus trees at different fertilization and irrigation rates while maintaining good pest and disease management would be critical to devise appropriate nutrient management recommendations for HLB positive trees in Florida, and similar agro-ecologies for citrus. termination, RMSE is the root mean square error and P is the probability. 
